and percent residential land use (McKinney et al., 2001; Wigand et al., 2001 Wigand et al., , 2003. Nitrogen can be limiting in
marshes. Nitrogen that is not intercepted or processed lation experiment, we measured increased DEA in N-amended treatin the terrestrial landscape enters the salt marsh and is ments, but no effect in the P-amended treatments. The positive relaeither retained in the coastal habitat, released into the tionships between N loading and high marsh DEA support the adjacent coastal waters, or lost through denitrification.
hypothesis that salt marshes may be important buffers between the
In the Narragansett Bay fringe salt marshes, the high terrestrial landscape and estuaries, preventing the movement of landmarsh is dominated by saltmeadow cordgrass while the derived N into coastal waters. The negative relationships between low marsh is dominated by smooth cordgrass (S. alternimarsh DEA and the percent of hydric soils in the adjacent watershed flora Loisel) (Bertness and Ellison, 1987) . These plants 1963; Brar, 1972; Stefanson, 1972) . The low marsh is bounded at its upper limit by the extent of the mean high tide, and generally, in Narragansett Bay the low marsh is inundated with sea water twice a day. In addi-S alt marshes often provide the important service of tion to plant differences, nutrient and organic exchanges water quality maintenance by intercepting landthat occur with the rise and fall of the tides and upland derived N from adjacent watersheds (Valiela et al., 2000a) .
contributions of nutrients and organics also could differ Because these wetlands provide sources of organic matbetween the low and high marsh locations. Finally, seater and an anoxic environment (Stefanson, 1972; Seit- sonal differences in denitrification rates may be detect zinger, 1988; Groffman, 1994; Nowicki et al., 1999) , deniable among the marshes because of temporal variations trification (the bacterial conversion of nitrate to gaseous in plant production and the supply of nutrients and nitrogen) is often high in salt marshes with actual deniorganics (Groffman, 1994) . Most denitrification activity trification rates reported to range from 3 to 340 kg N in temperate ecosystems occurs in the early spring and ha Ϫ1 yr Ϫ1 (Valiela et al., 2000a) . However, the relationfall, during periods of high soil wetness and low plant ships between human activities in watersheds and productivity (Groffman, 1994) . Quantification of actual coastal salt marsh denitrification, including the potential denitrification rates is hindered by high spatial and temfor denitrification rates in salt marshes to keep up with poral variation, and therefore in some cases, assays of increasing anthropogenic N loads, are unclear.
denitrifier biomass are a good index of denitrification In Narragansett Bay (Rhode Island, USA), coastal potential since they integrate multiple factors that influsalt marshes of similar geomorphology and hydrology ence denitrification activity (Groffman, 1987 (Groffman, , 1994 . In but varying watershed N loads are currently under study this study we measured denitrification enzyme activity to determine if ecosystem structure and function associ-(DEA) using a simple acetylene-block denitrification ated with the salt marshes vary with watershed N loads enzyme assay as an index of denitrifier biomass in salt marsh soils and an integrated measure of the denitrifica- loads and percent residential land use, and if there were significant relationships between marsh DEA and the percent of hydric soils in the surrounding terrestrial lands. Second, we examined whether there were significant differences in DEA between the high and low marsh zones or spring and fall seasons. In addition, we used correlation analyses to identify patterns of marsh soil characteristics with N loads, percent residential land use, and the percent of hydric soils in the adjacent uplands. Finally, in a manipulative field experiment in a saltmeadow cordgrass marsh in the Prudence Island (Rhode Island) National Estuarine Research Reserve, we examined the effect of N and P additions on DEA.
MATERIALS AND METHODS

Watershed Analyses and Nitrogen Loads
The Narragansett Bay salt marsh sites and adjoining subwatersheds have been described previously (McKinney et al., 2001 ) and consist of 10 sites, which have similar geomorphology and sea exchange (Fig. 1) . Tidal ranges estimated from tide charts averaged 1.3 Ϯ 0.1 m (McKinney et al., 2001 ). Watersheds were delineated using 15-min (1:24 000 scale) topographic maps from the United States Geological Survey (USGS).
Information on watershed characteristics was processed using an ARC/INFO software package (ESRI, 2002) . The data layer for land use and land cover was developed from 1995 aerial photography (1:24 000 scale) coded to Anderson modified Level 3 to 0.25-ha minimum polygon resolution (Anderson et al., 1976) . In previous reports we described natural land types (i.e., % forested, % brush land, and % inland wetland) and human altered land (i.e., % residential, % agricultural, % industrial and commercial, % recreational) in the subwatersheds adjoining the marshes (McKinney et al., 2001; Wigand et al., 2001) . Since the percentage of residential lands dominated the land types altered by humans in this urbanized New England region (Wigand et al., 2001) , we used this land type for our correlations with DEA and marsh soil characteristics. Valiela et al. (1997) suggested that in the New England region, a 200-m buffer zone from the upland edge of salt marshes into the adjacent watershed is most likely the area to influence nutrient exchanges and ecosystem structure. In addition, Rhode Island soils data (1:15 840 scale) have also been shown to be useful for identifying possible sinks (e.g., Table 1 for site descriptions), and riparian zones) for ground water N in the terrestrial landscape Nag Creek, which was the site of the Prudence Island fertiliza- (Rosenblatt et al., 2001) . Therefore, we examined land use tion experiment.
patterns and the percent hydric soils in the terrestrial lands in a 200-m buffer zone from the salt marsh upland edge to ascertain whether there were significant relationships of land watershed. The same method was used to determine the percentage of residential area in the 200-m buffer for the 10 use or hydric soils in the buffer with DEA.
A 200-m zone in the watershed adjacent to the upland edge watersheds (Table 1) . Nitrogen loads previously calculated for the same Narragansett Bay marshes in a concurrent study of each salt marsh was created using a Geographic Information System (GIS). This buffer was overlaid onto soils drainage examining plant structure at the sites (Wigand et al., 2003) were used for the present study. To calculate the N loads, we class data obtained from the Rhode Island soil survey (Rector, 1981) . There are 11 soil drainage classes, ranging from excesused a nitrogen-loading model (NLM) developed and verified for Cape Cod, Massachusetts by Valiela et al. (1997 Valiela et al. ( , 2000b . sively to very poorly drained reported at 1:15 840 scale. We aggregated the three "poorly drained" drainage classes (i.e.,
The NLM estimates coastal N loads from atmospheric deposition, fertilizer, and wastewater (e.g., via septic systems, using somewhat poorly drained, poorly drained, and very poorly drained), which are characteristic of inland wetlands and high values for per capita contributions of N) in watersheds by multiplying the surfaces of various land use types (e.g., natural denitrification (Simmons et al., 1992; Nelson et al., 1995; Mitsch and Gosselink, 2000) , into one "hydric soils" class. The vegetation, agricultural land, turf, residential land, and impervious surfaces) by an appropriate coefficient and subsequently percentage of area of each soil drainage class was calculated by dividing the area of each soil drainage class in the 200-m correcting the loads for N losses in various compartments (e.g., vegetation and soils, vadose zone, aquifer). The estimate buffer by the total area of the buffer contained within the of the N load to the marsh was then calculated as the sum of the was added to each 6 g of soil. Before adding acetylene to the loads from atmospheric deposition, fertilizer, and wastewater serum bottles, each was stoppered and made anaerobic by a (corrected for losses) and divided by the marsh area in hectares series of evacuations and flushes with N gas. Headspace sam-( Table 1) . The calculated N loads were examined for signifiples were taken at 30 and 90 min, stored in evacuated glass cant relationships with DEA and the marsh soil characteristics.
tubes, and analyzed for N 2 O with electron capture gas chromaSewer information for the 10 watersheds was obtained from tography (Series II, 5890; Hewlett-Packard, Palo Alto, CA). a GIS data layer, which was compiled in 1995 from available This short-term anaerobic assay has been employed and deregional and municipal sewer authority maps. According to scribed in several other wetland studies (Groffman et al., 1992 , this information, in three of the 10 Narragansett Bay marsh 1996; Duncan and Groffman, 1994; Otto et al., 1999) . watersheds studied, less than twenty percent of wastes were For determining the characteristics of the marsh sediments, sewered. At the time of the study, the balance of residential we collected sediment cores from the dominant Spartina spp. waste in these three watersheds and all of the waste from plant belts in the high and low marsh zones in each marsh in the other seven watersheds was primarily treated in domestic 1998 and 1999. The width of each marsh at the upland edge septic systems. Rhode Island statewide precipitation data were was approximated by pacing the edge by foot, and three tranobtained from the United States National Climate Data Censects were set approximately equidistant from the upland edge ter for the fall and spring in 1998, 1999, and 2000 (National beginning at the Jesuit's bark (Iva frutescens L.) zone or Climatic Data Center, 2004) .
wooded edge to the cove sea edge. Within each distinct Spartina spp. plant belt of at least 1 m in length along each transect, a sediment core 4.6 cm in diameter was taken to estimate the Denitrification Enzyme Activity Measurements percent moisture, percent organic matter, and bulk density. For the bay-wide DEA survey, sediment samples from each
The top 2 cm of each core was weighed before and after drying site were collected at low tide in fall (October, November, at 60ЊC to calculate the percent moisture and bulk density. The December) of 1998 and 2000 and in spring (April, May, June) percent organic matter was then calculated by the difference in of 1999 and 2000 for a total of four sampling events at each weight after combustion for 6 h at 450ЊC. Reported soil data site. On each sampling date, we collected three replicate cores are two-year averages reported on a dry weight basis for the (4.6-cm diameter) of vegetated soil to a 10-cm depth and about saltmeadow cordgrass sediment in the high marsh and the tall 1 m apart in both the high and low marsh zones. The area form of smooth cordgrass in the low marsh zone. sampled in the high marsh zone was characterized by the In addition, on separate cores from each site, sediment grain presence of the dominant plant saltmeadow cordgrass and the size for saltmeadow cordgrass sediment in the high marsh low marsh zone by the presence of the tall form of smooth zone and smooth cordgrass sediment in the low marsh zone cordgrass. Before sampling the soil with a hand-held hammer was determined using a gravimetric method to separate out corer, the aboveground plant material was removed with clipsand, clay, and silt particles. Three 4.6-cm-diameter cores from pers in the field. The soil cores were placed in plastic bags, the high and low marsh of each site were collected, and the stored in a cooler with ice in the field, and refrigerated at 4ЊC top 3 cm of each core was homogenized for the grain size in the laboratory until processed and analyzed within three analysis. Carbonate and other organic fragments of a 5-g hodays. For the field manipulative experiment, one core per mogenized soil sample were dissolved with 1 M acetic acid treatment plot was collected as described above.
and subsequently with 30% hydrogen peroxide. The sand fracThe top 3 cm of each core was used for the DEA analysis.
tion was separated from the clay and silt fraction using a For each core, two replicates of 6 g of homogenized soil were 63-m sieve, with the clay and silt fraction collected on a placed in 70-mL dark serum bottles. The DEA was measured preweighed filter with a 1.2-m pore size. using the acetylene-based anaerobic assay as described by A manipulative field experiment was conducted in the high Smith and Tiedje (1979) and Groffman et al. (1996) in which marsh at Nag Creek (41Њ37Ј N, 71Њ19Ј W) in the National conditions for denitrification are made nonlimiting by the Estuarine Research Reserve on Prudence Island, RI (Fig. 1 ) addition of excess nitrate at a rate of 1.4 mg KNO 3 g Ϫ1 sediment from May 2000 to June 2002 to test the effect of nutrient wet weight and at a rate of 1 mg glucose g Ϫ1 sediment wet enrichment on DEA. A 2 ϫ 2 factorial design was used, with weight and by removal of oxygen and diffusion limitations in N and P as the treatments and DEA as the response. The soil slurries. Chloramphenicol was added to the soil samples four treatment groups were N and P, P alone, N alone, and to inhibit the growth of the bacteria at a rate of 0.25 mg g Ϫ1 a control with no added N or P. For each treatment, there sediment wet weight. The combined nitrate-glucose-chloramphenicol media was prepared in ultrapure water and 12 mL were four replicate 1-m 2 plots that were semi-randomly located in vegetated patches at least 3 m apart in the high marsh. When random selection of experimental plot coordinates resulted in a plot located in a bare patch, the plot was moved to the nearest vegetated patch. Dissolved nutrient additions of Ca(NO 3 ) 2 and P 2 O 5 (i.e., 2 g N m Ϫ2 and 0.2 g P m Ϫ2 ) were sprinkled with a watering pot on the sediments by moving the plant shoots aside once every two weeks in the spring, summer, and fall; in winter (December, January, and February), the nutrient additions were only applied once per month. The total amount of dissolved N and P for the extent of the DEA experiment was 72 g N m Ϫ2 and 7.2 g P m
Ϫ2
. The DEA was measured in each plot (n ϭ 16) in June 2002 using the methods described above for the bay-wide survey. The DEA results for one with N load, hydric lands, and percent residential develPaired, two-tailed, student t tests were used to examine spatial opment were strongest in the fall of 1998 (Table 2) , (low vs. high marsh zone) and temporal (seasons) differences which, of the periods we sampled, was the season with in mean DEA. The DEA values from the fertilization experithe least precipitation (Table 3) . We found no significant ment were transformed using natural logarithms to accommocorrelations of DEA in the low marsh with N load, date homogeneity of variance assumptions before running a percent residential development, or percent hydric soils two-way ANOVA to examine for the main effects of N or P in either the spring or fall. Finally, we found no signifiand for an N ϫ P interaction. The probability for significance cant relationships of DEA with percent sand or organic is reported at p Յ 0.05 for all the statistical analyses. matter for the high or low marsh for either season.
Rhode Island statewide precipitation data from the
RESULTS
In the fertilization experiment, the N-amended treatments had significantly (two-way ANOVA, log-transformed data, p Ͻ 0.05) greater DEA than the controls or the P-amended treatments (Fig. 2) . Although there was a significant main effect of N (f value ϭ 8.36, p Ͻ 0.05), there was no significant effect of P and no significant N ϫ P interaction (Fig. 3) . In the bay-wide survey, the fall (1998 and 2000) and spring 1999 DEA in the high marsh significantly (p Յ 0.05) increased with increasing N loads ( Fig. 4; Table 2 ). In contrast, the fall 1998 and spring 1999 DEA significantly (p Ͻ 0.05) decreased with increasing hydric lands in the surrounding terrestrial buffer ( Fig. 5; Table 2 ). In the fall of 2000 and spring of 1999, the significant relationships of DEA with N loads and hydric soils were primarily driven by rates from one marsh (APP site; see Fig. 4b, 5b) , and removal of this site from the statistical analyses results in Table   soils in the terrestrial buffer, the salt marsh sediments 1 and details on the model used to estimate the loads are described in had high percent sand (Table 5 ). We did not detect (Table 5) . seasonal average precipitation for the 10-yr period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) as 310.1 mm for the fall and 318.4 mm for DISCUSSION the spring (Table 3 ). The fall and spring precipitation in 2000 was greater than the season averages in fall 1998
The high DEA that was measured in the 10 coastal and spring 1999 (Table 3) . Average DEA for the fall fringe salt marshes supports the hypothesis that these and spring of 2000 were greater than the average DEA habitats are important natural buffers between the land in fall 1998 or spring 1999 (Table 3 ). In the low marsh, and the sea and may provide the important service of the fall DEA was significantly (p ϭ 0.05) greater for intercepting land-derived N and transforming it into N gas. The findings that the DEA in the high marsh increased with watershed N loadings, and likewise, that DEA increased in the N-amended treatments in the fertilization experiment, suggests that marsh denitrification could represent an important sink that regulates N loading to the estuary. Although the low marsh DEA did not correlate with the watershed N loads, the denitrification potential of these sediments is high. The denitrification activity in the low marsh might better correlate with the nutrient load exchanged from the sea with the rise and fall of the tides, which was not measured in this study. The DEA values of the coastal salt marshes that we studied were similar to the DEA values reported for tidally influenced, freshwater marshes in the Hudson River (New York) (Otto et al., 1999; Findlay et al., 2002) . The areal extent and location of salt marshes are important when evaluating their potential to transform anthropogenic N loads in a particular watershed. In this study, marshes with lower N loads (less than 500 kg N ha Ϫ1 yr
Ϫ1
) had the highest marsh area for N exchange, which might allow for a high percentage or complete processing of anthropogenic N loads. On the other hand, the greatest DEA values were associated with marshes having the highest land-based N inputs, but reduced areal extent. Generally, the potential denitrification activity in the high marsh (fall and spring averages: 12 218 and 5732 kg N ha Ϫ1 yr
, respectively) was similar or greater than the estimated N loading to the marshes (average load: 2783 kg N ha Ϫ1 yr Ϫ1 ). The potential denitrification activity of the low marsh was often greater entering coastal waters. However, it is important to note that DEA is frequently one to two orders of magnitude increasing watershed N loadings and percent residential land development, suggesting that anthropogenic, landhigher than actual measured denitrification rates in tidal and nontidal wetlands (Seitzinger, 1988; Otto et al., based N was affecting marsh processes (McKinney et al., 2001; Wigand et al., 2001) . Furthermore, at the same 1999; Lowrance et al., 1995; Valiela et al., 2000a) . Therefore, the DEA represents a denitrification potential that sites where DEA and the N loads were greatest, we observed a decrease in high marsh plant species richness a marsh system might provide under optimal environmental conditions. Ultimately, the ability of marsh sysand the extent of saltmeadow cordgrass (Wigand et al., 2003) . These concomitant changes in the plant structure tems to process land-based N loads will depend on marsh area, plant productivity, availability of labile ormay have a negative effect on the ability of the salt marsh to process N. The roots of saltmeadow cordgrass ganic matter, hydrologic flowpath, and a suitable geochemical environment (e.g., oxidation-reduction status form a tightly woven turf matrix that binds the soil and helps resist erosional processes such as those that occur of the sediments) to facilitate biological processes and transformations.
during storm events. For example, the loss of saltmeadow cordgrass might make the marsh more susceptible Furthermore, other microbial processes such as N fixation (the conversion of N gas to organic N) could to scouring action by ice floes. As a result, the marsh would erode and the area available to process N would act as an N source in a salt marsh and offset the benefit of the denitrification process acting as an N sink (Kaplan be reduced. The loss of some salt marsh plants (e.g., smooth cordgrass) would also reduce the oxic-anoxic et Valiela and Teal, 1979; Currin et al., 1996) . For example, in some disturbed salt marshes, loss of interfaces in the rhizosphere that occur from the channeling of oxygen from the leaves to the roots (Teal emergent plant cover could result in bare spots with extensive cyanobacterial mats capable of high rates of and Kanwisher, 1966) . These oxic-anoxic interfaces are N fixation. At an impacted Narragansett Bay salt marsh important for the coupling of nitrification and denitrifiwith low macrophyte cover, sandy sediment, and high cation processes in marsh sediments (Mitsch and Gosse-N loads, N fixation rates exceeded actual denitrification link, 2000) . In addition, water uptake by Spartina spp. rates (J. Davis, personal communication, 2002) . In some roots results in increased air entry into the sediment and newly created salt marshes with low emergent macroincreased sediment oxidation, which could also promote phyte cover and coarse sediments in North Carolina, the coupling of the nitrification and denitrification pro- Currin et al. (1996) measured N fixation rates that were cesses (Dacey and Howes, 1984) . Finally, a reduction three orders of magnitude greater than denitrification in the root density and the organic exudates that roots rates. Therefore, researchers and managers need to asrelease could limit the availability of labile organic carsess the net N flux from these fringe salt marshes to bon for the denitrification process (Sherr and Payne, determine the N buffering capacity of these habitats.
1978). Microbes may be limited by P in some coastal ecosysSalt marshes with a high percentage of lands with tems, and in a South Carolina salt marsh study, P addihydric soils in the 200-m buffer zone surrounding the tions resulted in lower potential denitrification rates sites had lower DEA than salt marshes with a lower (Sundareshwar et al., 2003) . Phosphorus fertilization appercentage of hydric soils in their adjacent watersheds. pears to enhance heterotrophic activity and carbon minPoorly drained soils in landscapes are often associated eralization at the expense of denitrifiers in some salt with inland wetlands, nitrate sinks, and high denitrificamarshes (Sundareshwar et al., 2003) . Our results do not tion rates (e.g., Groffman and Tiedje, 1989 ; Mitsch and show a significant P effect on the denitrification enzyme Gosselink, 2000; Rosenblatt et al., 2001) , which can filter activity in the high marsh on Prudence Island, RI, but the DEA results were highly variable within each treat- 
